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Evidence is provided that amyloplasts from pea roots contain a translocator which transports, in a counter exchange 
mode, phosphate, glucose 6-phosphate, dihydroxyacetone phosphate and 3-phosphoglycerate. The translocator has a low 
affinity for 2-phosphoglycerate nd glucose 1-phosphate. Metabolite transport was measured by silicone oil filtering cen- 
trifugation either directly by uptake of radioactive labelled compounds or indirectly by back exchange. 
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1. INTRODUCTION 
Leaf chloroplasts have a phosphate translocator 
catalyzing the transport of triose phosphates and 
3-PGA in exchange for Pi [1]. Hexose phosphates 
are not transported across the chloroplast 
envelope. The question arose whether this 
translocator is also operative in amyloplasts. 
Studies with amyloplasts from soybean, 
cauliflower buds and maize kernels indicated that 
this is probably the case [2-4]. On the other hand, 
investigations with amyloplasts from other tissues 
(e.g. wheat endosperm) showed that GlclP and/or 
Glc6P could be incorporated into starch [5-7] and 
it was found with pea root plastids that nitrite 
reduction can be supported by Glc6P [8]. These 
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results suggested that amyloplasts, in contrast o 
chloroplasts, are able to transport hexose 
phosphates. The measurement of metabolite 
transport into amyloplasts turned out to be ex- 
tremely difficult. Emes and Traska [9] found an 
uptake of [32p]phosphate into pea root 
amyloplasts, which was reduced in the presence of 
triose P or 3-PGA. The measurements did not 
allow the evaluation of the corresponding kinetic 
constants. Whilst these results were not inconsis- 
tent with there being a phosphate translocator 
associated with the amyloplasts, the above men- 
tioned authors themselves stated that such an inter- 
pretation was still equivocal. 
The studies described here aim to investigate he 
specificity of the transport of phosphorylated in-
termediates into amyloplasts. Evidence will be 
presented that these plastids possess a phosphate 
translocator transporting in a counter exchange 
mode not only Pi, triose P and 3-PGA, but also 
Glc6P. 
2. MATERIALS AND METHODS 
2.1. Preparation of amyloplasts 
Peas (Pisum sativum L., var. Kleine Rheinl/inderin, van 
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Waveren, G6ttingen-Rosdorf) were surface-sterilized, soaked 
overnight in water and germinated on moistened tissue paper at 
27°C in the dark for 4 days. After 3 days enzymes of the 
nitrogen and carbohydrate metabolism were induced by incuba- 
tion in 20mM KNO3 for 20 rain. The preparation of 
amyloplasts was based on the methods of Emes and England 
[10] and Oji et al. [11]. 200 g roots were cut into pieces in 
200 ml of a medium containing 50 mM Tricine-KOH (pH 7.9), 
0.33 M sorbitol, 1 mM EDTA, 1 mM MgClz and 0.1070 (w/v) 
BSA (medium A) and gently homogenated with a Polytron 
homogenizer at 4°C. The homogenate was squeezed through 
two layers of miracloth/four layers of cheesecloth, one layer of 
40/~m nylon net/two layers of cheesecloth and one layer of 
7/~m nylon net. Cell debris and free starch grains were 
sedimented by centrifugation (200 x g, 3 min). Portions of the 
supernatant (20-25 ml) were underlaid with 10 ml of a medium 
containing 50 mM Tricine-KOH (pH 7.9), 0.33 M sorbitol, 
0.1 070 (w/v) BSA and 10% (v/v) Percoll and centrifuged (6min, 
4000 × g). The sediments were resuspended in medium A 
without BSA (medium B). 
The am~'loplast preparation was essentially free of other con- 
taminating organdies. The activities of marker enzymes 
recovered in the plastid fraction as 070 of the supernatant from 
the first centrifugation step were as follows. Amyloplast 
marker: nitrite reductase 30070, alkaline inorganic 
pyrophosphatase 30070, 6 PGDH 10070; cytosol marker: alcohol 
dehydrogenase 0.8070; mitochondrial marker: citrate synthase 
4070; vacuolar marker: c~-mannosidase 4070; peroxisomal 
marker: hydroxypyruvate reductase 0.807o; endoplasmic 
reticulum: cytochrome-c reductase 3070. From latency 
measurements of GOGAT and 6 PGDH, the plastids were 
about 90070 intact. Electron microscopy revealed an average 
diameter of the. plastids between 2 and 3/zm and that both 
envelope membranes were retained. The plastids contained 
starch grains, an internal membrane system and plastoglobuli. 
2.2. Enzyme assays and protein determination 
If not mentioned otherwise the measurements were carried 
out at 25°C in a final volume of 700/d. The activities of the 
following marker enzymes were assayed as described: 6 PGDH 
[3]; GOGAT [10]; citrate synthase [12]; alcohol dehydrogenase 
[13]; alkaline inorganic pyrophosphatase [14] (37°C); a- 
mannosidase [15] (37°C); nitrite reductase [16] (30°C); 
antimycin-A-insensitive eytochrome-c reductase [17]; hydrox- 
ypyruvate reductase [18]. For the determination of enzyme 
latency and plastid intactness, the enzyme activities of GOGAT 
and 6 PGDH were measured in the presence and absence of 
0.33 M sorbitol. Alternatively the latency could be measured by 
rupture of the plastid envelope membranes with 0.1 070 Triton 
X-100. Protein concentration was measured according to 
Lowry. 
2.3. Transport measurements 
The silicone oil filtering centrifugation was carried out accor- 
ding to Heldt and Sauer [19]. 200/zl amyloplasts containing a
latent 6 PGDH activity of 25-35 nmol/min were layered over 
20/~1 of 10070 HCIO4 and 70/zl silicone oil (AR 200), followed 
by 10 s incubation (unless otherwise stated) at 20°C with 
substrate. The substrate uptake was terminated either by in- 
hibitor stop using a PLP concentration (20 raM), which was 
high enough to inhibit the substrate uptake immediately, and 
centrifugation for 120 s or only by centrifugation for 120 s. The 
density of the silicone oil mixture used was adjusted in such a 
way that after centrifugation about 90070 of the amyloplast 
marker enzyme GOGAT appeared in the sediment. Correction 
for external medium adhering to the plastid or present in the in- 
termembrane space between the two envelope membranes was 
done in order to calculate the amyloplast volume. The sorbitol- 
impermeable space amounted to 39 + 11°70 of the total 
[3H]H20-permeable space in a medium containing 0.33 M sor- 
bitol. For measurements of back exchange the pellets of the 
4000 x g centrifugation (see section 2.1.) were resuspended in 
medium B, preincubated with 2 mM [32P]phosphate (20 min, 
4°C) and washed twice with medium B (4000 × g, 2 min). The 
silicone oil filtering centrifugation had been done as described, 
with the exception, that unlabelled substrates were added. 
Radiochemicals were purchased from Amersham. [~4C]GIc6P 
was prepared using glucose, ATP and hexokinase. The reaction 
was stopped after complete consumption of glucose (95°C, 
3 min). [14C]GIc6P was separated from residual ATP by thin 
layer chromatography (cellulose plate; solvent: MeOH/NH~ 
(25%)/H20 = 7:1:2). 
3. RESULTS AND DISCUSSION 
3.1. Metabolite uptake into amyloplasts 
In  the exper iments  o f  fig. 1 the t ime course for  
the uptake  o f  Pi and G lc6P  was measured .  The up-  
take  o f  inorgan ic  phosphate  and G lc6P  into the 
sorb i to l - impermeab le  [3H]H20-space  was ter- 
minated  by inh ib i tor  stop using PLP ,  fo l lowed by 
cent r i fugat ion  5 s later. In  cont ro l  exper iments ,  
PLP  and the label led substrates were added 
together  and centr i fuged af ter  5 s. The  uptake  was 
determined  f rom the d i f ference o f  the two ex- 
per iments .  For  both  Pi and GIc6P a def ined uptake  
k inet ic  is obta ined.  A f te r  an init ial l inear phase o f  
about  10 s the uptake  slows down and f inal ly 
reaches a p lateau,  leading to an accumulat ion  o f  
both  substrates.  
F ig .2  shows the concent ra t ion  dependence  o f  the 
phosphate  uptake.  A doub le  rec iprocal  p lot  o f  the 
data  yields a l inear funct ion ,  indicat ing that  the 
uptake  has a saturat ion  character ist ic .  These 
measurements  were also carr ied out  w i thout  in- 
h ib i tor  stop. Wi thout  inh ib i tor  stop the uptake  
rate is overest imated,  but  nevertheless the Km value 
thus obta ined  is unal tered.  For  s impl i f i cat ion o f  
the measurements  the uptake  exper iments  dealt  
wi th hereaf ter  were per fo rmed w i thout  inh ib i tor  
stop. The  specif ic i ty o f  the Pi and the G lc6P  up-  
take  was invest igated in the exper iments  o f  figs 3 
and 4. The  t ranspor t  o f  both  substances was com-  
pet i t ively inhib i ted by each other  and by DHAP.  It 
184 
Volume 253, number 1,2 FEBS LETTERS August 1989 
0.4 ¸  
0.2 
32p 
~o ~o ~o 
Tlme (s) 
Fig.1. Uptake of [32p]phosphate (0.1 mM) and [14C]Glc6P 
(0.1 raM) into pea root amyloplasts as terminated by inhibitor 
stop. Control values: Pi uptake 0.05 mM; GIc6P uptake 
0.03 mM. 
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Fig.3. Double reciprocal plot of the concentration dependence 
of the [riP]phosphate uptake into pea root amyloplasts without 
and with competing substrates (0.2 mM). 
may be noted that GlclP had only a low inhibitory 
effect on transport of both Pi and GIc6P. 
3.2. Measurements of metabofite transport by 
back exchange 
The kinetic constants of metabolite uptake can 
be measured directly by the uptake of radioactive 
labelled substances or indirectly by back exchange. 
To prove our assumption that DHAP, Pi and 
Glc6P are transported by the same carrier, 
amyloplasts were preloaded with [32p]phosphate 
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Fig.2. Double reciprocal plot of phosphate uptake into pea root 
amyloplasts: measurement with and without inhibitor stop. 
Glc6P Vmax 1.49 Imol/mg prot. x h 
K® 0.54 mM 
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Fig.4. Double reciprocal plot of the concentration dependence 
of the [14C]GIc6P uptake into pea root amyloplasts without and 
with competing substrates (0.2 mM). 
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Table 1 
Specificity of the phosphate translocator in amyloplasts from 
pea roots as determined by back exchange (n = number of 
measurements) 
Substrate Km Vmax n 
(mM + SD) (amol/mg 
prot x h + SD) 
P~ 0.06 + 0.01 0.76 + 0.14 4 
DHAP 0.04 +_ 0.01 0.87 + 0.11 4 
3-PGA 0.10 + 0.04 0.67 + 0.14 4 
Glc6P 0.11 + 0.02 0.57 + 0.11 4 
GlclP not measurable 2 
2-PGA not measurable 2 
unlabelled substances was determined by measur- 
ing the release of [32p]phosphate. As shown in 
table 1 there is a counter exchange of DHAP, 
3-PGA and Glc6P, whereas 2-PGA and GlclP do 
not produce any measurable release of Pi. 
Although the Km values for the back exchange are 
lower than the Km or Ki values obtained in Pi or 
Glc6P uptake experiments, the relationship be- 
tween the values for the different substrates, e.g. 
Km Pi/Km Glc6P in the uptake and the back ex- 
change experiments i  very similar. 
It appears from our data that the amyloplast 
envelope contains a phosphate translocator which 
is similar to the known chloroplast translocator [1] 
in transporting Pi, DHAP and 3-PGA in a counter 
exchange mode, but which differs in transporting 
also Glc6P. The transport of Glc6P is rather 
specific, GlclP shows only a weak interaction with 
the translocator. Our results demonstrated that in 
a single plant species the phosphate translocators 
of the chloroplasts and the root plastids are 
distinctly different in their transport specificity. 
This seems to be a reflection of the different func- 
tions of these plastids. Whereas the main function 
of the chloroplasts i the provision of fixed carbon 
to the cell in the form of triose P, the major func- 
tion of the root plastids is the reduction of nitrite 
[8], for which the redox equivalents are supported 
by oxidative pentose phosphate pathway located in 
the plastid stroma. Since plastids from different 
tissues do not appear to contain fructose 
bisphosphatase activity ([6]; own results, un- 
published), the operation of the oxidative pentose 
phosphate pathway in these plastids would require 
an uptake of Glc6P and release of triose P. Syn- 
thesis of starch would involve the uptake of Glc6P 
and the release of Pi. The specificity of the root 
plastid phosphate translocator described above 
suits both functions. The question arises as to what 
extent the structures of the plastid phosphate 
translocators in leaf and root cells are different. 
The cDNA structure for the chloroplast phosphate 
translocator has been recently elucidated [20]. A 
comparison of the structure of the root plastid 
translocator may provide an insight into the 
mechanism of plastid metabolite transport. 
Acknowledgement: Supported by the Deutsche Forschungsge- 
meinschaft. 
REFERENCES 
[1] Fliege, R., Fliigge, U.I., Werdan, K. and Heldt, H.W. 
(1978) Biochim. Biophys. Acta 502, 232-247. 
[2] MacDonald, F.D. and ApRees, T. (1983) Biochim. Bio- 
phys. Acta 755, 81-89. 
[3] Journet, E.-P. and Douce, R. (1985) Plant Physiol. 79, 
458-467. 
[4] Echeverria, E., Boyer, C.D., Thomas, P.A., Liu, K.-C. 
and Shannon, J.C. (1988) Plant Physiol. 86, 786-792. 
[5l Tyson, R.H. and ApRees, T. (1988) Planta 175, 33-38. 
[6] Entwistle, G. and ApRees, T. (1988) Biochem. J. 255, 
391-396. 
[7] Keeling, P.L., Wood, J.R., Tyson, R.H. and Bridges, 
I.G. (1988) Plant Physiol. 87, 311-319. 
[8] Bowsher, C.G., Hucklesby, D.P. and Emes, M.J. (1989) 
Planta 177, 359-366. 
[9] Emes, M.J. and Traska, A. (1987) J. Exp. Bot. 38, 
1781-1788. 
[10] Emes, M.J. and England, S. (1986) Planta 168, 161-166. 
[ll] Oji, Y., Watanabe, M., Wakiuchi, N. and Okamoto, S. 
(1985) Planta 165, 85-90. 
[12] Stitt, M. (1984) in: Methods of the Enzymatic Analysis 
(Bergmeyer, H.U. and Gral]e, M. eds) vol.4, pp.353-358, 
Verlag Chemie Weinheim. 
[13] Smith, A.M. and ApRees, T. (1979) Planta 146, 327-334. 
[14] Tausky, H.H. and Shorr, P. (1953) J. Biol. Chem. 202, 
657-685. 
[15] Li, Y.-T. (1967) J. Biol. Chem. 242, 5474-5480. 
[16] Rao, L.V.M., Rajasekhar, V.K., Sopory, S. and Guha- 
Mukherjee, S. (1981) Plant Physiol. 22, 577-582. 
[17] Sauer, A. and Robinson, D.G. (1985) Planta 166, 
227-233. 
[18] Schmitt, M.R. and Edwards, G.E. (1982) Plant Physiol. 
70, 1213-1217. 
[19] Heldt, H.W. and Sauer, F. (1971) Biochim. Biophys. 
Acta 234, 83-91. 
[20] Fliigge, U.I., Fischer, K., Gross, A., Sebald, W., 
Lottspeich, F. and Eckerskorn, C. (1989) EMBO J. 8, 
39-46. 
186 
